Members of the aquaporin (AQP) family have been suggested to transport aluminum (Al) in plants; however, the Al form transported by AQPs and the roles of AQPs in Al tolerance remain elusive. Here we report that NIP1;2, a plasma membrane-localized member of the Arabidopsis nodulin 26-like intrinsic protein (NIP) subfamily of the AQP family, facilitates Al-malate transport from the root cell wall into the root symplasm, with subsequent Al xylem loading and root-toshoot translocation, which are critical steps in an internal Al tolerance mechanism in Arabidopsis. We found that NIP1;2 transcripts are expressed mainly in the root tips, and that this expression is enhanced by Al but not by other metal stresses. Mutations in NIP1;2 lead to hyperaccumulation of toxic Al 3+ in the root cell wall, inhibition of root-to-shoot Al translocation, and a significant reduction in Al tolerance. NIP1;2 facilitates the transport of Al-malate, but not Al 3+ ions, in both yeast and Arabidopsis. We demonstrate that the formation of the Al-malate complex in the root tip apoplast is a prerequisite for NIP1;2-mediated Al removal from the root cell wall, and that this requires a functional root malate exudation system mediated by the Al-activated malate transporter, ALMT1. Taken together, these findings reveal a critical linkage between the previously identified Al exclusion mechanism based on root malate release and an internal Al tolerance mechanism identified here through the coordinated function of NIP1;2 and ALMT1, which is required for Al removal from the root cell wall, root-to-shoot Al translocation, and overall Al tolerance in Arabidopsis.
Members of the aquaporin (AQP) family have been suggested to transport aluminum (Al) in plants; however, the Al form transported by AQPs and the roles of AQPs in Al tolerance remain elusive. Here we report that NIP1;2, a plasma membrane-localized member of the Arabidopsis nodulin 26-like intrinsic protein (NIP) subfamily of the AQP family, facilitates Al-malate transport from the root cell wall into the root symplasm, with subsequent Al xylem loading and root-toshoot translocation, which are critical steps in an internal Al tolerance mechanism in Arabidopsis. We found that NIP1;2 transcripts are expressed mainly in the root tips, and that this expression is enhanced by Al but not by other metal stresses. Mutations in NIP1;2 lead to hyperaccumulation of toxic Al 3+ in the root cell wall, inhibition of root-to-shoot Al translocation, and a significant reduction in Al tolerance. NIP1;2 facilitates the transport of Al-malate, but not Al 3+ ions, in both yeast and Arabidopsis. We demonstrate that the formation of the Al-malate complex in the root tip apoplast is a prerequisite for NIP1;2-mediated Al removal from the root cell wall, and that this requires a functional root malate exudation system mediated by the Al-activated malate transporter, ALMT1. Taken together, these findings reveal a critical linkage between the previously identified Al exclusion mechanism based on root malate release and an internal Al tolerance mechanism identified here through the coordinated function of NIP1;2 and ALMT1, which is required for Al removal from the root cell wall, root-to-shoot Al translocation, and overall Al tolerance in Arabidopsis.
aquaporin | nodulin 26-like protein | aluminum tolerance | organic acid exudation | malate A luminum (Al) toxicity is a major constraint for crop yields on acid soils worldwide (1) (2) (3) (4) . To cope with Al stress, plants have adopted several resistance mechanisms, including (i) an Al exclusion mechanism in which plants release organic acids (OAs) from the root apex into the rhizosphere to chelate toxic Al 3+ ions and prevent them from entering into root cells, and (ii) an internal Al tolerance mechanism by which Al is sequestered in the vacuole of the root cell and/or translocated to the shoot for sequestration in leaf cell vacuoles (1, 2, 5) .
Al exclusion from root tips via Al-activated root OA exudation is the best-characterized mechanism used by many plant species, including wheat (6, 7), sorghum (8) , barley (9) , Arabidopsis (10, 11) , and maize (12) . Malate and citrate are the most commonly used OAs, transported by two families of plasma membrane (PM)-localized transporters: the Al-activated malate transporter (ALMT) family of anion channels (13) and the multidrug and toxic compound extrusion (MATE) family of OA/H + antiporters (8, 9) , respectively. In Arabidopsis, ALMT1 is responsible for a larger Al-activated malate release from the root tip (10) , whereas MATE facilitates a smaller citrate exudation in root regions behind the root tip (11, 14) .
The mechanism underlying internal Al tolerance has been less well characterized. In rice, Al uptake from the root cell wall into the root cytosol is facilitated by a PM-localized Al transporter, Nrat1 (Nramp aluminum transporter 1) (15), which is involved in lowering the concentration of toxic Al 3+ in the root cell wall, which could be a key aspect of Al tolerance in rice (15, 16) .
Recently, two members of the hydrangea (Hydrangea macrophylla) aquaporin (AQP) family, the H. macrophylla plasma membrane aluminum transporter (HmPALT1) and vacuolar aluminum transporter (HmVALT), have been suggested to facilitate Al transport across the PM into the cytosol and across the vacuolar membrane (VM) into the vacuoles of sepal (flower) cells, respectively (17, 18) . The Al form transported by these transporters and the roles of the transporters in Hydrangea Al tolerance remain elusive, however. When heterologously expressed in Arabidopsis, only HmVALT enhances Al tolerance, suggesting that Al may enter the Arabidopsis root cytosol via an unidentified native PM transporter (17) . Thus, in the present study, we investigated the role of the Arabidopsis nodulin 26-like intrinsic protein (NIP) subfamily, the closest homologs of HmPALT1, in Al transport (SI Appendix, Fig. S1 ). We report that NIP1;2 functions as a root PM-localized Almalate (Al-Mal) transporter involved in a unique Al tolerance mechanism based on lowering root cell wall Al concentrations and facilitating root-to-shoot Al translocation. We demonstrate that Significance Aluminum (Al) toxicity is a major constraint for crops grown on acid soils. Various plant species have adopted an Al exclusion/avoidance mechanism and/or internal tolerance mechanisms to ameliorate Al toxicity. In Arabidopsis, the root organic acid exudation-based Al exclusion mechanism has been well characterized; however, no evidence for an internal Al tolerance mechanism has been reported. Here we identify NIP1;2 as an Al-malate transporter involved in Al removal from root cell walls and root-to-shoot Al translocation. We report that the NIP1;2-mediated Al-malate transport is dependent on Al-activated root malate efflux mediated by ALMT1 in Arabidopsis. Taken together, our findings demonstrate the importance of the coordination between Al exclusion and internal Al detoxification mechanisms in Al tolerance in Arabidopsis. these NIP1;2-mediated processes rely on a functional ALMT1-mediated malate release system. Therefore, the coordinated functioning of the external and internal Al detoxification mechanisms plays a critical role in Al tolerance in Arabidopsis. Results nip1;2 Mutants Are Sensitive Specifically to Aluminum Stress. The Arabidopsis NIP subfamily comprises nine members (19) . T-DNA insertion lines of the nine NIP members (SI Appendix, Table S1 ) were acquired from the Arabidopsis Biological Resource Center (ABRC) and tested for Al sensitivity. Three independent NIP1;2 T-DNA lines, nip1;2-1 (SALK_126593), nip1;2-2 (SALK_147353) and nip1;2-3 (SALK_076128), with T-DNA insertions in the exon, intron, and promoter, respectively, showed hypersensitivity to a range of Al concentrations ( Fig. 1 A-C) , suggesting that NIP1;2 is involved in Al tolerance in Arabidopsis. Compared with nip1;2 mutants, an almt1 T-DNA knockout (KO) mutant (SALK_009629) was more sensitive to Al stress in a range of Al concentrations (0-50 μM) at pH 4.2 (SI Appendix, Fig. S2 ).
Real-time quantitative RT-PCR (qRT-PCR) analysis indicated that NIP1;2 expression in roots was barely detected in the nip1;2 mutants (Fig. 1D ), indicating that they are loss-of-function mutants. In Arabidopsis, STOP1 encodes a master transcription factor that controls the expression of a set of key Al tolerance genes (20) , including, but not limited to, ALMT1 (21), MATE (11), and ALS3 (21). NIP1;2 expression was not affected by the loss-of-function stop1 mutation, indicating that STOP1 does not control NIP1;2 gene expression (Fig. 1D) (Fig. 2B ).
Tissue Specificity of NIP1;2 Expression. Tissue specificity of NIP1;2 expression was examined via NIP1;2 promoter β-glucuronidase (GUS) analysis in transgenic Arabidopsis plants. GUS activity was observed consistently in roots but not in shoots (Fig. 2C ). In the primary and lateral roots, GUS activity was localized mainly to the root tip region (Fig. 2C) . Under control conditions (−Al), GUS staining was observed between ∼300 μm and ∼1 mm from the root tip (Fig. 2D) , a region encompassing the root distal transition zone (RDTZ) and the root elongation zone (REZ), a demonstrated target for Al toxicity (22) . GUS staining was also observed in the stele in more mature root regions where root hairs had emerged (Fig. 2D) . Al treatment not only significantly enhanced GUS staining intensity in these regions (Fig. 2E ), but also caused expanded GUS staining to the nearby tissues/cells that were not stained under the −Al condition (Fig. 2E ). For example, in a root cross-section above the RDTZ (indicated by the red arrows in Fig. 2 D and E), GUS staining was observed only in the stele under −Al (Fig. 2F ), but was expanded throughout the entire root cross-section under Al treatment (Fig. 2G ). PIP2;1, a known PM marker ( Fig. 2I ) (23) . The localization of the DAPI-stained nucleus to the cytoplasmic side of the NIP1;2-GFP fluorescence excludes the possibility of a VM localization for NIP1;2 (Fig. 2H) . Examination of the root cells of T3 Arabidopsis plants stably transformed with 35S::NIP1;2-GFP also indicated that the NIP1;2-GFP fusion protein was localized to the PM (SI Appendix, Fig. S5 ). Taken together, these results indicate that NIP1;2 is a PM-localized protein.
NIP1;2 Is Involved in Root Al Uptake in Arabidopsis. Hematoxylin was used to stain and approximate Al accumulation in the root cell walls of the wild type (WT), nip1;2-1, and nip1;2-2 seedlings (SI Appendix, Fig. S6 ) (24) . After Al treatment, hematoxylin staining was observed mainly in the RDTZ and REZ. Compared with the staining in WT, the staining was much stronger and expanded in the root tip region of the nip1;2 mutant plants (SI Appendix, Fig.  S6 ), suggesting that the nip1;2 mutants hyperaccumulated Al in the root cell walls in the root tip region. Quantitative measurements of the short-term (0-8 h) root Al uptake by inductively coupled plasma mass spectrometry (ICP-MS) indicated that compared with concentrations in WT, Al concentrations in the root cell wall were significantly higher and Al concentrations in the root cell sap (symplasm) were significantly lower in the nip1;2 mutants after 8 h of Al treatment ( Fig.  3 A and B) . These results indicate that NIP1;2 is involved in root Al uptake/removal from the root cell wall into the root cytosol.
NIP1;2 Is Involved in Root-to-Shoot Al Translocation. Along with its expression in the root apical region, NIP1;2 was also expressed in the root stele just distal to the root tip ( Fig. 2 D and F) , suggesting that it also might be involved in long-distance Al transport. Compared with WT, the nip1;2 mutants exhibited significantly higher Al concentrations in the root but lower Al concentrations in the shoot (Fig. 3C) . Furthermore, Al concentrations in the root xylem sap were also significantly lower in the nip1;2 mutants, whereas K concentrations in the root xylem sap were comparable in WT and the nip1;2 mutants (Fig. 3D) . Compared with WT, in the nip1;2 mutants, Al concentration was 46% lower in the root cell sap (root symplasm; Fig. 3B ) and 65% lower in the root xylem sap (Fig. 3D ). In the nip1;2 mutants, the larger decrease in Al concentration in root xylem sap compared with that in root symplasm suggests impaired xylem loading of Al. Therefore, NIP1;2 not only may facilitate Al uptake from the root cell wall to the root cytosol, but also may be involved in xylem loading of Al from the xylem parenchyma cells into the xylem vessels in Arabidopsis.
NIP1;2 Facilitates Passive Bidirectional Aluminum Transport in Yeast.
It has been widely accepted that members of the AQP family, including those from the NIP subfamily, transport noncharged molecules (25, 26) , although recent studies have suggested that some members of the AQP family could transport charged substrates (27, 28) . However, the major Al species at low pH (4.2) is the charged Al 3+ ion (29) . To identify the Al form transported by NIP1;2, we conducted short-term Al uptake assays with yeast lines expressing the pYES2-GFP (as a control) or the pYES2-NIP1;2-GFP construct with the potential transport substrates Al 3+ , Al-malate (Al-Mal), or Al-citrate (Al-Cit) at pH 4.2. Microscopic examination of the galactose-induced pYES2-NIP1;2-GFP line indicated that the NIP1;2-GFP fusion protein was localized to the yeast PM (Fig. 4A) .
Under galactose induction, no significant differences in Al uptake among these yeast lines were observed when Al 3+ or Al-Cit was supplied in the uptake medium (Fig. 4B) ; however, a significant increase in Al uptake was observed when Al-Mal was supplied (Fig.  4B) . When glucose was used in the medium, which is unable to induce the expression of the recombinant proteins, no Al uptake was observed in the yeast line expressing NIP1;2-GFP irrespective of the form of Al provided (SI Appendix, Fig. S7 ). Short-term AlMal uptake assays further confirmed that NIP1;2 transports Al-Mal in a time-dependent (Fig. 4C ) and concentration-dependent (SI Appendix, Fig. S8 ) manner. Other known cytosolic metal ligands, including oxalate, succinate, fumarate, aconite, histidine, glutathione, phytochelatin, and metallothionein, were also tested for NIP1;2-mediated Al-ligand transport in yeast. NIP1;2 transports only Al-Mal in yeast at pH 4.2 or 7.0 (SI Appendix, Fig. S9) .
To test the NIP1;2-mediated Al efflux, we pretreated the NIP1;2-GFP-expressing yeast cells with Al-Mal for 8 h (Fig. 4B) , then transferred them to fresh LPM medium with or without a supplementation with 5 μM AgNO 3 , a potent AQP inhibitor (30). Short-term Al efflux from the yeast cells was monitored by ICP-MS. Al efflux from the yeast cells was observed in a timedependent manner, and was strongly suppressed by AgNO 3 at both pH 7.0 (Fig. 4D ) and pH 4.2 (SI Appendix, Fig. S10 ). Taken together, these findings indicate that NIP1;2 facilitates passive bidirectional Al transport in yeast (Fig. 4 C and D (Fig. 5A ) and the root cell sap (Fig. 5B) were measured in WT as well as in mate, nip1;2-1, and almt1 KO mutants using ICP-MS. Little Al was detected in the root cell wall (Fig. 5A ) or the root cell sap (Fig. 5B ) for all lines treated with Al-Mal; however, large amounts of Al were detected in the root cell wall of all lines exposed to Al 3+ (Fig. 5A ). The concentrations of Al 3+ and Al-Mal remained stable in the treatment solutions during the entire treatment process (SI Appendix, Fig. S11 ), indicating that Al-Mal in the solution was not precipitated during the treatment procedure. These results indicate that Al 3+ , but not Al-Mal, could be retained in the root cell walls.
In yeast, NIP1;2 transports Al-Mal, but not Al 3+ (Fig. 4B) ; however, in Arabidopsis, NIP1;2-mediated Al uptake occurred only when WT plants were exposed to Al 3+ ( Fig. 3 A and B) , not when they were exposed to Al-Mal (Fig. 5 A and B) . This finding raised a question as to whether NIP1;2 transports Al 3+ or Al-Mal in Arabidopsis. We hypothesize that the main reason for this finding is that the PM-localized NIP1;2 can transport Al-Mal only from the root cell wall, whereas the externally supplied Al-Mal cannot be retained in the root cell wall (Fig. 5A) . Therefore, we predict that Al 3+ retention in the root cell wall is an indispensable first step for the NIP1;2-mediated Al transport in Arabidopsis (Fig. 6) . The Al 3+ retained in the root cell wall adjacent to the PM activates the ALMT1-mediated malate efflux from the root cytosol into the root cell wall, resulting in formation of Al-Mal in the root cell wall near the NIP1;2 transport protein, which facilitates Al-Mal uptake into the root cytosol (Fig. 6) . Therefore, the sequential steps of retention of Al 3+ in the root cell wall, Al 3+ -activated and ALMT1-mediated root malate efflux, and functional NIP1;2-mediated Al-Mal transport could be the key factor in the removal of Al from the root cell wall into the root cytosol (Fig. 6 ).
Functional ALMT1-Mediated Malate Exudation Is Required for Root Al
Uptake via NIP1;2. To test this hypothesis and the possible roles of root malate and citrate exudation in NIP1;2-facilitated Al transport in Arabidopsis, root Al uptake was evaluated for the WT and nip 1;2-1, almt1, and mate KO mutant plants. The nip 1;2-1, almt1, and mate mutant lines lack functional NIP1;2, Alactivated root malate exudation, and Al-activated root citrate exudation, respectively. Under Al treatment, nip1;2-1 and almt1 mutants accumulated significantly higher concentrations of Al in the root cell wall (Fig. 5A ) and significantly lower concentrations of Al in the root cell sap (Fig. 5B ) compared with WT and the mate mutant, indicating that both nip1;2-1 and almt1 were impaired in Al transport from the root cell wall across the root cell PM.
Given the lack of Al-activated ALMT1-mediated root malate exudation in the almt1 background (10, 11, 14) , Al 3+ should be a major Al form retained in the root tip cell wall of the almt1 plants treated with AlCl 3 at low pH (4.2). Because the almt1 mutant line has a functional NIP1;2, as indicated by its normal expression of intact NIP1;2 cDNAs in the root (SI Appendix, Figs. S12 and S13), the lack of NIP1;2-mediated root Al uptake in the almt1 background ( Fig. 5 A and B) suggests that NIP1;2 could not transport the Al 3+ ions retained in the root cell walls of the almt1 plants. The mate mutant line accumulated similar levels of Al in the root cell wall and root cell sap as WT (Fig. 5 A and B) , further confirming that the MATE-mediated root citrate exudation is not required for Al removal from the root cell wall in Arabidopsis.
To provide direct evidence for Al-Mal as the transport substrate of NIP1;2 in Arabidopsis and to address the role of root malate release in the NIP1;2-mediated root Al uptake, roots of WT, almt1, and nip1;2 plants were pretreated with 50 μM AlCl 3 (pH 4.2) for 8 h, which allowed retention of Al 3+ in the root cell wall (Fig. 5A) . Then the pretreated plants were transferred to fresh hydroponic growth medium (−Al, pH 4.2) supplemented with or without 200 μM malate for another 8 h, which allowed the formation of Al-Mal in the root cell wall (Fig. 5C ). Subsequently, Al uptake was measured by ICP-MS. Only the almt1 mutant line exhibited significant differences in Al concentrations in the root cell wall (Fig. 5C ) and root cell sap (Fig. 5D ) (i.e., evidence for Al uptake) between the treatments with and without malate. The fact that an external supply of malate resumed NIP1;2-facilitated Al uptake in the almt1 mutant pretreated with Al confirmed that the NIP1;2 Al transporter was functional in the almt1 background and Al-Mal is the transport substrate of NIP1;2 in Arabidopsis.
Discussion
In this work, we have demonstrated that NIP1;2 is a bidirectional Al transporter that facilitates the removal of Al from the root cell wall via trans-PM transport into the root cell cytosol and subsequent root-to-shoot Al translocation via Al xylem loading. We also have shown that the Al-malate complex is the transport substrate for NIP1;2, and that the NIP1;2-mediated root Al uptake requires a functional ALMT1-mediated root malate exudation system. Therefore, coordination between the Al exclusion and the internal Al tolerance mechanisms is required to achieve overall Al tolerance in Arabidopsis.
NIP1;2 Is Involved in Aluminum Removal from the Root Tip Cell Wall and Root-to-Shoot Al Translocation. The cell wall in the root rip region has been recognized as a major target for Al toxicity in plants (22, 31, 32) . It has been suggested that the swollen and distorted root tip cells under Al stress are due, at least in part, to disruption of the cell wall structure, integrity, and function (SI Appendix, Fig. S6 ) (32) (33) (34) . Therefore, limiting the accumulation of toxic Al 3+ in the root tip cell wall could help mitigate Al toxicity in plants. This could be achieved by restricting Al 3+ retention in the root cell wall and/or by removing Al from the root cell wall via transport into the root cytosol and subsequent Al sequestration in root cell vacuoles and/or Al translocation from the root to presumably less Al-sensitive shoot tissues. The formation of Al-OA complexes in the rhizosphere is the most effective way to prevent the toxic Al 3+ ions from entering the root cell wall (Fig. 5A ) (35) . The mechanisms underlying Al uptake from the root cell wall and subsequent sequestration into root and shoot vacuoles are more poorly understood in plants. We have shown that NIP1;2 is a PM-localized bidirectional Al transporter that facilitates Al removal from the root cell wall and Al translocation from the root to the less Al-sensitive shoots (Figs. 3 and 4) . A nonfunctional NIP1;2 resulted in impaired root Al uptake, reduced root-to-shoot Al translocation, and hypersensitivity to Al stress, indicating that NIP1;2 plays an important role in Al tolerance in Arabidopsis (Figs. 1 and 3) . We also note that nip1;2 mutant plants still accumulate significant amounts of Al in the xylem sap (Fig. 3D ) and root symplasm (Fig. 5 B and D) , suggesting the possible existence of other root Al transport systems.
NIP1;2 Transports Aluminum-Malate Complex. It is widely accepted that members of the AQP family, including the NIP subfamily, transport noncharged molecules (25, 26) . However, at low pH (4.2), the major Al species is the charged Al 3+ ion (29) . A set of possible transport substrates, including Al 3+ , Al-Mal, and Al-Cit, were tested for NIP1;2-mediated Al transport in yeast (Fig. 4B and SI Appendix,  Fig. S9 ). Only the provision of Al-Mal resulted in NIP1;2-mediated Al uptake at pH 4.2 or 7 (SI Appendix, Fig. S9 ), identifying Al-Mal as the transport substrate for NIP1;2 in yeast.
In Arabidopsis, Al stress induces a rapid and large ALMT1-mediated malate exudation from the root tip (10, 11) . The lossof-function mutant almt1 lacks the Al-activated root malate exudation (10, 11) , and no Al-Mal is formed in the root tip cell walls thus under Al 3+ stress. Because the almt1 mutant contains a functional NIP1;2 transporter, it is an excellent system for testing whether NIP1;2 transports Al-Mal in Arabidopsis. Under Al 3+ treatment, like the nip1;2 mutant line, the almt1 mutant had greatly reduced root Al uptake (Fig. 5 A and B) , indicating that NIP1;2 could not transport Al 3+ in the almt1 background. However, an external supply of malate, which allowed the formation of Al-Mal in the root cell wall of the almt1 plants pretreated with Al
3+
, resumed a degree of NIP1;2-mediated Al transport activity in the root tips of the almt1 plants ( Fig. 5 C and D) , confirming Al-Mal as the transport substrate for NIP1;2 in Arabidopsis. Because nip1;2 mutants are loss-of-function mutants (Fig. 1) , externally supplied malate could not restore NIP1;2-mediated root Al uptake in these mutants ( Fig. 5 C and D) . The reason for no effect of externally supplied malate on Al uptake in WT is that in WT, Al 3+ treatment triggers ALMT1-mediated root malate exudation (10, 11) , which allows for the formation of the Al-Mal transport substrate in the root cell wall. Thus, under Al 3+ stress, malate was not a limiting factor for NIP1;2-mediated Al-Mal transport in WT. The fact that WT and mate had lower levels of Al in the root cell wall and higher levels of Al in the root cell sap compared with nip1;2 and almt1 mutants (Fig. 5 A and B) indicates that ALMT1-dependent and NIP1;2-mediated Al transport from the root cell wall into the cytosol is functional in the WT and mate backgrounds.
Passive Bidirectional Aluminum Transport by NIP1;2. The processes of root Al uptake and root-to-shoot Al translocation require coordinated transport systems that facilitate Al influx from the root cell wall into the symplasm of root cells, Al efflux across the PM of xylem parenchyma cells into the xylem vessels, and subsequent Al translocation from the root to the shoot through transpirationally driven xylem flow (Fig. 6) . We have demonstrated that NIP1;2 is involved in a passive bidirectional Al transport in yeast (Fig. 4 C and D) . The fact that the loss-offunction nip1;2 mutants exhibited reduced Al accumulation in the root symplasm (i.e., an Al influx activity; Fig. 3B ) and reduced xylem loading of Al (i.e., an Al efflux activity; Fig. 3D ) suggests that NIP1;2 also could be involved in bidirectional AlMal transport for root Al-Mal uptake and root Al-Mal xylem loading in Arabidopsis. Although ligand exchange reactions could occur after Al-Mal is transported into the root cytosol, among the possible cytosolic Al ligands tested, Al-Mal was the sole transport substrate for NIP1;2 at pH 4.2 and 7.0 (SI Appendix, Fig. S9 ), suggesting that Al-Mal is likely to be the transport substrate for NIP1;2 during root Al-Mal xylem uploading. Members of the NIP subfamily have been reported to function as passive, bidirectional transporters for metalloid transport. For instance, NIP3;1, NIP5;1, and NIP6;1 are responsible for bidirectional As(III) transport across the PM (36, 37) . Therefore, NIPs might be functionally conserved as passive bidirectional transporters for different substrates.
Coordinated Functioning Between External and Internal Aluminum
Detoxification Mechanisms. The external and internal Al detoxification mechanisms are responsible for the total Al resistance; however, how these two mechanisms interact and communicate in plants remains unknown. In this report, we demonstrate that Alactivated, ALMT1-mediated root malate exudation plays a dual role in both the Al exclusion and internal Al tolerance mechanisms. At the rhizosphere, the released malate chelates the toxic Al 3+ ions, forming an Al-Mal complex, thereby preventing Al from entering and/or being retained in the root cell walls (i.e., root Al exclusion; Figs. 5A and 6 ). In the root tip cell wall, the released malate chelates the Al retained in the cell wall to form Al-Mal, which is the transport substrate for NIP1;2 (internal Al detoxification; Figs. 5 and 6). Therefore, we have discovered a coordinated operation between Al exclusion and Al internal tolerance mechanisms linked by ALMT1-mediated root malate exudation and NIP1;2-mediated Al uptake from the root cell wall (Figs. 3, 5, and 6 ).
Materials and Methods
Plant Materials and Growth Conditions. Arabidopsis T-DNA insertion lines were acquired from the ABRC. Detailed information on these lines and their growth conditions is provided in SI Appendix, Materials and Methods.
GUS Staining Assays. A 1.89-kb PCR-amplified NIP1;2 promoter was cloned into the pCAMBIA1305.2 vector, and the resulting pCAMBIA1305.2-NIP1;2promoter:: β-glucuronidase (GUS) construct was stably transformed into WT (Col-0) through Agrobacterium tumefaciens (strain GV3101)-mediated transformation. Detailed information about the plasmid construction and the procedures for transgenic plant selection and GUS staining is provided in SI Appendix, Materials and Methods.
RT-PCR and qRT-PCR. Total RNA isolations were conducted using the RNeasy Mini Kit (Qiagen). Additional experimental details are provided in SI Appendix, Materials and Methods.
Yeast Al Uptake and Efflux Analyses. Yeast line generation, yeast growth conditions, and yeast Al uptake assays are described in detail in SI Appendix, Materials and Methods.
Total Root and Shoot Ion Content Measurement. Al and other ions were measured in the roots and the shoots of 7-d-old seedlings by ICP-MS analyses. The procedures are described in detail in SI Appendix, Materials and Methods.
Determinations of Al Contents in Cell Sap and Cell Wall Samples. Details on plant treatment, cell sap and cell wall sample preparation, and Al measurement are provided in SI Appendix, Materials and Methods.
Xylem Sap Sample Collection and Al Content Measurement. Xylem sap was collected from 6-wk-old plants. Al contents were measured by ICP-MS. Plant treatment, xylem sap sample collection, and Al measurement are described in detail in SI Appendix, Materials and Methods.
